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ABSTRACT
M-dwarfs are emerging in the literature as promising targets for detecting low-mass, Earth-like
planets. An important step in this process is to determine the stellar parameters of the M-dwarf
host star as accurately as possible. Different well-tested stellar model atmosphere simulations
from different groups are widely applied to undertake this task. This paper provides a compar-
ison of different model atmosphere families to allow a better estimate of systematic errors on
host-star stellar parameter introduced by the use of one specific model atmosphere family only.
We present a comparison of the ATLAS9, MARCS, PHOENIX and DRIFT-PHOENIX model atmosphere
families including the M-dwarf parameter space (Teff = 2500–4000 K, log(g) = 3.0–5.0,
[M/H] = −2.5to0.5). We examine the differences in the (Tgas, pgas)-structures, in synthetic
photometric fluxes and in colour indices. Model atmospheres results for higher log(g) devi-
ate considerably less between different models families than those for lower log(g) for all
Teff = 2500–4000 K examined. We compiled the broad-band synthetic photometric fluxes for
all available model atmospheres (incl. M-dwarfs and brown dwarfs) for the UKIRT WFCAM
ZYJHK, 2MASS JHKs and Johnson UBVRI filters, and calculated related colour indices. Syn-
thetic colours in the IR wavelengths diverge by no more than 0.15 dex amongst all model
families. For all spectral bands considered, model discrepancies in colour diminish for higher
Teff atmosphere simulations. We notice differences in synthetic colours between all model
families and observed example data (including Kepler 42 and GJ1214).
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1 IN T RO D U C T I O N
Ever since the discoveries of the first extrasolar planets
(Wolszczan & Frail 1992; Mayor & Queloz 1995; Charbonneau
et al. 2000), exoplanetary science has been one of the hot topics in
astronomy in the past two decades. High-precision instruments and
missions such as HARPS (Mayor et al. 2003), CoRoT (Auvergne
et al. 2009), Kepler (Batalha et al. 2013) and the future PLATO1-
mission have allowed the number of known exoplanets to grow
rapidly. Up to date, the Exoplanet Encyclopaedia (exoplanet.eu)
lists a total of 1822 planets in 1137 planetary systems. Better in-
struments and enhanced observational techniques are pushing the
boundaries of detectable planets down to the Super-Earth group.
In order to achieve this goal, target host stars decrease in mass.
M-dwarfs, and also brown dwarfs (Triaud et al. 2013), are sug-
gested as they have smaller radii, masses and are less luminous, pre-
senting opportunities for detecting smaller planets orbiting around
them, possibly even within their respective habitable zones (HZs).
The solar neighbourhood has been photometrically, spectroscop-
 E-mail: inb@st-andrews.ac.uk
1 http://sci.esa.int/plato/
ically and astrometrically studied by the RECONS team (Henry
et al. 2006) in order to understand the distribution of stellar types
nearby. Their latest finding (Dieterich et al. 2012) indicate that
M- and later type stars account for 60–70 per cent of the stellar
population within 10 pc of the Sun. The fact that they are so numer-
ous additionally increases the chances of planet detections, making
M-dwarfs and brown dwarfs even more desirable survey targets.
On the other hand, habitability on planets around these stars will
be limited by their magnetic activity (see Vidotto et al. 2013, for
details).
The Exoplanet Encyclopaedia list a total of 36 confirmed planets
around M-dwarfs with about 2/3 of them with masses under 0.2 MJ.
There are no detections of planets around brown dwarfs so far. Data
from Kepler suggests that early M-dwarfs have an occurrence rate
of, on average, 0.90+0.04−0.03 planets per star with planet parameters in
range 0.5–4 REarth and P < 50 d (Dressing & Charbonneau 2013).
Monet et al. (2013) combine radial velocity and adaptive optics di-
rect imaging observations for a sample of 111 M stars. They report
that 6.5 ± 3.0 per cent of the M-dwarfs host a gas giant with mass
between 1–13 MJ and semimajor axes of less than 20 au, corre-
sponding to 0.083 ± 0.019 planets per star in that parameter space.
These results suggest that planets around M-dwarfs are abundant,
motivating future studies to characterize them in detail (e.g. ¨Onehag
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et al. 2012; Mann et al. 2014; Newton et al. 2014; Rajpurohit et al.
2014).
The evaluation of planet parameters is tightly correlated with the
host star’s parameters (e.g. Torres et al. 2012; Griffith 2014). There-
fore our knowledge about extrasolar planets is limited by how well
we can characterize the host stars. The challenge of determining
fundamental stellar parameters is not new (see Rojas-Ayala et al.
2013) and not restricted to planetary host stars (e.g. Casagrande
et al. 2014 and references therein). Burrows, Heng & Nampaisarn
(2011) generate evolutionary tracks for brown dwarfs and very low
mass stars for different atmospheric metallicities with and with-
out clouds. By comparing observational data to these tracks, their
study demonstrates a variety of plausible stellar radii, and narrow-
ing down this range for a given mass depends on precise estimates
of stellar age and metallicity. Lee, Heng & Irwin (2013) use in-
verse modelling of directly-imaged data for HR 8799B. Their re-
sults indicate that reasonable fits to the data can be obtained for
both cloudy and cloud-free atmospheres but with different val-
ues for metallicities and element abundances. Such studies indi-
cate the difficulty of inferring precise values for stellar parameters
based on atmospheric models. Both, variations in underlying phys-
ical assumptions between models and different parameter values,
within the same model can lead to a spread in estimates for stel-
lar mass and radii. It is therefore important to be aware of the
limitations of model atmospheres and how they compare to each
other.
This paper focuses on the comparison of different model at-
mosphere families with some focus on the M-dwarf parameter
space: effective temperature Teff = 4000–2500 K, surface gravity
spans log(g)=3.0–5 (included young M-dwarfs, log(g)<4.0, and
Brown Dwarfs, log(g) = 5.0), and metallicity [M/H]=−2.5to0.5
(Appendix A). Not all parameter combinations are available for
all model families. Section 2 gives a brief overview of the
atmosphere models used in this study. In Section 3, we ex-
plore the similarities and differences in the atmospheric structure
of the model families. In Section 4, we present the results for
the synthetic photometry comparisons. Section 5 contains our
discussion.
2 AT M O S P H E R E M O D E L FA M I L I E S IN
C O M PA R I S O N
The following model atmosphere families are included in the com-
parison study presented in this paper:
(i) ATLAS92 (Kurucz 1970; Castelli & Kurucz 2004),
(ii) MARCS3 (Gustafsson et al. 2008),
(iii) (cloud-free) PHOENIX-ACES-AGSS-COND-20114, version
16.01.00B (hereafter PHOENIX) (Husser et al. 2013),
(iv) DRIFT-PHOENIX (Dehn 2007; Helling et al. 2008c; Witte,
Helling & Hauschildt 2009; Witte et al. 2011).
All models assume local thermodynamic equilibrium, hydrostatic
and chemical equilibrium and obey radiative and convective flux
conservation. They model a homogeneous, 1D oxygen-rich atmo-
sphere in plane-parallel geometry. PHOENIX models were available
in spherical symmetry.
2 http://user.oat.ts.astro.it/castelli/grids.html
3 http://marcs.astro.uu.se
4 http://phoenix.astro.physik.uni-goettingen.de
The grid of ATLAS models utilized spans the following range
of stellar parameter: Teff = 3500–4000 K, log(g) = 3.0–5.0,
[M/H] = 0.5to − 2.5. All ATLAS models were calculated with
the convection option switched on but with the overshooting op-
tion switched off. The mixing length parameter α = l/Hp = 1.25,
(Hp = p/(gρ), Hp – local pressure scaleheight, p – local gas pres-
sure, ρ – local gas density, g – local gravitational acceleration, where
dp/dr = gρ), the microturbulence velocity vturb = 2.0 km s−1, and
solar element abundances from Grevesse & Sauval 1998 are used
in all ATLAS models considered here.
The MARCS models used span a grid of Teff = 2500 K–4000 K,
log(g) = 3.0–5.5, [M/H] = 0.5to − 2.5. For all MARCS models,
vturb = 2 km s−1, mixing length parameter with l/Hp = 1.5 and
solar element abundances (Grevesse, Asplund & Sauval 2007).
The PHOENIX models considered are for Teff = 2500 K–4000 K,
log(g) = 3.0–5.5, [M/H] = 0.0 and α-element abundance of
[α/M] = 0.0.
Values for the mixing length parameter l/Hp ∼ 3.0–1.8 de-
pending on the stellar parameters as depicted in fig. 2 in
Husser et al. (2013). Figs 1–4 provide the detailed informa-
tion regarding the model atmospheres compared. The microtur-
bulence velocities vturb < 1.5 km s−1 according to fig. 3 in
Husser et al. (2013). The element abundances are solar (Asplund
et al. 2009).
The DRIFT-PHOENIX models are aimed specifically at late-type stars
(M-dwarfs, brown dwarfs) and giant planet atmospheres as they
also model dust cloud formation. The DRIFT module deals with dust
treatment, calculating a consistent cloud structure and passing it
to the main radiative transfer code (PHOENIX). The subset of models
used is for the solar metallicity models with 2500 K < Teff < 3000 K
and 3.0 < log(g) < 5.5. Mixing length is set to 2.0 scaleheights and
microturbulence velocity is 2.0 km s−1. Solar elements abundances
are those from (Grevesse et al. 2007)
The different model atmosphere families of models cover dif-
ferent parts of the M-dwarf regime, with ATLAS barely touching
early-type M stars, DRIFT-PHOENIX covering the late end of this spec-
tral type and MARCS and PHOENIX spanning the entire M-dwarf range.
The different sets of element abundances applied for different model
families are summarized in Table 1. All non-solar metallicities are
derived from scaled solar values. More detailed information about
the models, e.g. regarding the used opacity sources, are provided in
the discussion Section 5.1.
The model atmospheres under investigation do not con-
tain one M-dwarf parameter set that is common to all of
them. Therefore, we compare subsets of model families: the
ATLAS+MARCS models for Teff = 3500 K and Teff = 4000 K
and varying log(g) and [M/H] values, ATLAS+MARCS+PHOENIX for
Teff = 3500 K and Teff = 4000 K, [M/H] = 0.0 and vary-
ing log(g), as well as the MARCS+DRIFT-PHOENIX, MARCS+PHOENIX
and PHOENIX+DRIFT-PHOENIX models for solar metallicity and vary-
ing Teff and log(g) values. A total of 141 models were exam-
ined. Appendix A summarize the parameter values of all models
used.
3 C O M PA R I N G T H E AT M O S P H E R E
S T RU C T U R E S
Model atmosphere simulations provide the numerical solution to
energy transfer by radiation and convection, hydrostatic equilib-
rium and gas-phase equilibrium chemistry. The radiative energy
transfer is likely to carry inconsistencies between the model fam-
ilies as it depends on element abundances, gas-phase number
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Figure 1. Top row: local gas temperature–pressure structures for Teff = 2500 K (log(g) = 3.0: top left; log(g) = 5.5: top right) for MARCS, PHOENIX and
DRIFT-PHOENIX. Middle row: left – residual temperature values dTgas between PHOENIX and MARCS; right – dTgas between DRIFT-PHOENIX and MARCS. Bottom row:
dTgas between DRIFT-PHOENIX and PHOENIX model atmosphere results. Mixing length parameter: PHOENIX–l/Hp = 2.79 for log(g) = 3.0 and l/Hp = 3.5 for
log(g) = 5.5; MARCS–l/Hp = 1.5 for all models; DRIFT-PHOENIX–l/Hp = 2.0 for all models.
densities and line lists for those species taken into account as opac-
ity sources in each of the atmosphere models. Other differences
between model atmosphere results from different codes are caused
by different numerical schemes used, difference in convergence cri-
teria applied, maybe by differences in the machines where the code
is run, or also by different hidden parameters like e.g. the outer
integration boundary. This paper can only present the effect of the
sum of all these factors on the results from different model families
and showcase how and if the results differ. Without a dedicated
benchmark study, like e.g. Helling et al. (2008a), a more detailed
assessment of the differences between the model families is not
possible.
MNRAS 450, 160–182 (2015)
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Figure 2. Top row: local gas temperature–pressure structures for Teff = 3000 K (log(g) = 3.0: top left; log(g) = 5.5: top right) for MARCS, PHOENIX and
DRIFT-PHOENIX. Middle row: left – residual temperature values dTgas between PHOENIX and MARCS; right – dTgas between DRIFT-PHOENIX and MARCS. Bottom row:
dTgas between DRIFT-PHOENIX and PHOENIX model atmosphere results. Mixing length parameter: PHOENIX–l/Hp = 2.3 for log(g) = 3.0 and l/Hp = 3.25 for
log(g) = 5.5; MARCS–l/Hp = 1.5 for all models; DRIFT-PHOENIX–l/Hp = 2.0 for all models.
The local gas temperatures and gas pressures affect number densi-
ties of chemical species, which in turn affects opacities and, hence,
result in differences in the emergent spectral energy distribution
(SED). We therefore start our investigation by examining the local
(Tgas, pgas) structures of model atmospheres for a given set of Teff,
log(g) and [M/H] values.
Figs 1–4 present the comparison of the (Tgas, pgas)-structures
of MARCS, PHOENIX, DRIFT-PHOENIX and ATLAS5 for solar metallicity
5 The ‘kink’ in the ATLAS local temperature–pressure profile in Fig 3, top
row, right-hand panel, is visible in other models with Teff = 3000 K and
solar metallicity.
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Figure 3. Top row: local gas temperature–pressure structures for Teff = 3500 K (log(g) = 3.0: top left; log(g) = 5.0: top right) for MARCS, PHOENIX and ATLAS.
Middle row: left – residual temperature values dTgas between PHOENIX and MARCS; right – dTgas between ATLAS and MARCS. Bottom row: dTgas between PHOENIX
and ATLAS model atmosphere results. Mixing length parameter: PHOENIX–l/Hp = 1.99 for log(g) = 3.0 and l/Hp = 2.39 for log(g) = 5.0; ATLAS–l/Hp = 1.25 for
all models; MARCS–l/Hp = 1.5 for all models.
and Teff = 2500, 3000, 3500 and 4000 K, respectively. We ob-
serve better agreement between MARCS, PHOENIX and DRIFT-PHOENIX
for Teff = 2500 K than for higher Teff models. The 2500 K sets
of models do not vary by more than 300 K (except for high-
pressure values). For all effective temperatures (Teff = 2500–
4000 K), the model atmospheres with higher surface gravity
(brown dwarfs) agree better between different model families than
those with lower surface gravity (giant gas planets, young brown
dwarfs). Note these differences are hard to see in the top rows
of Figs 1–4 due to the scale of the plots. For this reason, we
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Figure 4. Top row: local gas temperature–pressure structures for Teff = 4000 K (log(g) = 3.0: top left; log(g) = 5.0: top right) for MARCS, PHOENIX and ATLAS.
Middle row: left – residual temperature values dTgas between PHOENIX and MARCS; right – dTgas between ATLAS and MARCS. Bottom row: dTgas between PHOENIX
and ATLAS model atmosphere results. Mixing length parameter: PHOENIX–l/Hp = 1.82 for log(g) = 3.0 and l/Hp = 1.96 for log(g) = 5.0; ATLAS–l/Hp = 1.25 for
all models; MARCS–l/Hp = 1.5 for all models.
provide plots of the calculated residuals in rows 2 and 3 of the
figures.
We compare the hot ATLAS and MARCS models for Teff = 3500 K
and Teff = 4000 K. While the Teff = 3500 K models compare
better in the low-metallicity range −1.5 < [M/H] < −2.5, the
Teff = 4000 K models display better agreement for higher metal-
licities [M/H] = +0.5 and [M/H] = 0.0. For both Teff, the biggest
discrepancies lie within the [M/H] = −1.0 models, with local gas
temperature differences dTgas > 1500 K for the Teff = 3500 K
and dTgas > 1200 K for the Teff = 4000 K case. All model families
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Table 1. Element abundances used in the model atmosphere families.
Grevesse & Sauval (1998) Grevesse et al. (2007) Asplund et al. (2009)
(ATLAS) (MARCS, (PHOENIX)
DRIFT-PHOENIX)
C 8.52 ± 0.06 8.39 ± 0.05 8.43 ± 0.05
N 7.92 ± 0.06 7.78 ± 0.06 7.83 ± 0.05
O 8.83 ± 0.06 8.66 ± 0.05 8.69 ± 0.05
Na 6.33 ± 0.03 6.17 ± 0.04 6.24 ± 0.04
Mg 7.58 ± 0.05 7.53 ± 0.09 7.60 ± 0.04
Al 6.47 ± 0.07 6.37 ± 0.06 6.45 ± 0.03
Si 7.55 ± 0.05 7.51 ± 0.04 7.51 ± 0.03
S 7.33 ± 0.11 7.14 ± 0.05 7.12 ± 0.03
K 5.12 ± 0.13 5.08 ± 0.07 5.03 ± 0.09
Ca 6.36 ± 0.02 6.31 ± 0.04 6.34 ± 0.04
Ti 5.02 ± 0.06 4.90 ± 0.06 4.95 ± 0.05
Fe 7.50 ± 0.05 7.45 ± 0.05 7.50 ± 0.04
V 4.00 ± 0.02 4.00 ± 0.02 3.93 ± 0.08
Cr 5.67 ± 0.03 5.64 ± 0.10 5.64 ± 0.04
diverge with increasing local pressure, i.e. deeper in the atmosphere,
regardless of Teff, log(g) or metallicity [M/H]. The detailed plots for
Teff = 4000 K, log(g) = 5.0 can be found in Appendix B, Fig. B1.
In summary, we find that for the higher effective temperature
values (3500 K, 4000 K) the ATLAS, PHOENIX and MARCS (Tgas, pgas)-
structures diverge from each other with an average of ∼600 K
in local temperature and in extreme cases well over 1000 K. The
MARCS, PHOENIX and DRIFT-PHOENIX differ by an average of ∼300 K
for 2500 K < Teff < 4000 K, with some extreme cases of over
1000 K. Agreement improves as the surface gravity increases.
4 C O M PA R I N G S Y N T H E T I C PH OTO M E T RY
The (Tgas, pgas)-structure determines the emergent spectral energy
distribution for stars. In order to compare the SEDs of the different
model atmosphere families, we perform synthetic photometry for all
models considered. We convolve the model SEDs to the (UKIDSS)
UKIRT WFCAM ZYHJK (Hewett et al. 2006), 2MASS JHKs
(Cohen, Wheaton & Megeath 2003) and Johnson UBVRI (John-
son 1965) filter systems, based on codes used in Sinclair, Helling
& Greaves (2010). The wavelength ranges for these used filters are
summarized in Table C1.
The convolved broad-band flux FR is given by (Straizys 1996)
FR(λ) =
∫ λ2
λ1
F (λ)R(λ)dλ
∫ λ2
λ1
R(λ)dλ
, (1)
where R(λ) is the throughput function (only filter transmission for
the optical (UBVRI) bands, but filter transmission plus detector
throughput for 2MASS/UKIDSS); and λ1 and λ2 are the limits
of the filter wavelength range. Zero-point calibration is performed
using the HST spectrum of Vega (Bohlin & Gilliland 2004).
We proceed to calculate synthetic colour indices for each model
atmosphere family. The colour indices are defines as
m1 − m2 = −2.5(log( FR1
FR1,Vega
) + log( FR2
FR2,Vega
)). (2)
A complete set of the synthetic photometry results is provided in
Appendix C. In the following, we compare the ratios between the
synthetic broad-band fluxes for all pairs of corresponding models in
each filter. The closer the value to 1.0, the more similar the model
atmosphere results are.
4.1 Optical bands (Johnson UBVRI filters)
The broad-band fluxes of ATLAS and MARCS model atmospheres in the
optical differ significantly more than those in the IR range. The flux
ratios for Teff = 3500 K are deviating from 1.0 significantly more
(as high as ∼1.8) than those for Teff = 4000 K (less than ∼1.3).
The ATLAS models predict more flux than MARCS in the U band for
metallicities above [M/H] = −1.0 and then drop to as low as about
20 per cent less flux for [M/H] > −1.0 for both effective tempera-
tures. In the V band, the ATLAS model predict systematically higher
fluxes than MARCS. Corresponding plots are provided in Figs B2
and B3.
4.2 IR bands
Figs 5 and 6 represent the UKIDSS photometric flux ratios for
PHOENIX to MARCS and PHOENIX to DRIFT-PHOENIX. PHOENIX and MARCS
display a good agreement in the range Teff = 3500–4000 K. A pos-
sible explanation for the decreasing discrepancies in this Teff range
relative to Teff < 3000 K is the lack of dust as effective temperature
rises. Dust should not have an impact on the atmospheric structures
in models with Teff >3000 K (Witte et al. 2009).
For decreasing effective temperature, the PHOENIX models sys-
tematically predict more flux in the IR bands than the MARCS model
atmospheres for higher log(g) values and less flux than MARCS for
low log(g). The Y band is an exception to this trend, where, for
Teff < 3500 K all PHOENIX models predict less flux than MARCS with
the flux ratio dropping as low as 0.7. Both model families do not
include cloud formation in the model atmospheres considered here,
hence, the differences in fluxes may point to differences in the
molecular opacities (line lists and/or gas-phase chemistry data).
We compare the PHOENIX and DRIFT-PHOENIX model atmospheres
(2500 K ≤ Teff ≤ 3000 K) in order to check if the difference
in dust treatment is sufficient to explain differences in synthetic
fluxes (Fig. 6). Differences between these two families are gener-
ally smaller than in comparisons with the MARCS model atmospheres.
For the H and J bands, all PHOENIX atmosphere models predict less
flux than DRIFT-PHOENIX. This result is unexpected as these bands
are heavily affected by dust and the PHOENIX models are dust-free.
Therefore, while still an important factor, the dust treatment alone
cannot explain the observed trends in the comparison of the syn-
thetic fluxes. All models produce very similar fluxes in the K band.
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Figure 5. Convolved flux ratios for PHOENIX and MARCS atmosphere models for the UKIDSS filter system. Curves are colour coded with respect to log(g) value:
orange – 5.5, red – 5.0, green – 4.5, cyan – 4.0, blue – 3.5, dark blue – 3.0. All models here are of solar metallicity.
For all bands, except in the Z band, the flux ratio is highest for the
higher surface gravity values. This trend is reversed in the Z band,
which also appears to vary the most with change in Teff.
We also present the colour indices calculated for each model
atmosphere family considered here (Fig. 7 and Appendix C).
All colours show considerable differences for model atmospheres
Teff < 3000 K. Dust starts to form in small amounts at Teff ≈ 2700 K
and the resulting element depletion of the gas-phase may contribute
to the increasing differences with decreasing Teff below 2700 K
(Witte et al. 2009). In particular, the B−V magnitudes differ by
up to half a magnitude between the DRIFT-PHOENIX and MARCS mod-
els in the low temperature half of the plot. The ATLAS models ap-
pear to differ significantly from all other model families considered
here.
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Figure 6. Convolved flux ratios for PHOENIX and DRIFT-PHOENIX atmosphere models for the UKIDSS filter system.
5 D ISC U SSION
5.1 Different model assumption
The differences in the atmospheric (Tgas, pgas)-structures and the
resulting SEDs arises from differences in input data (element abun-
dances, opacity sources), physical assumptions (mixing length,
overshooting, dust/no dust), the choice of material values (equi-
librium constants, line lists), but also from more technical details
like convergence criteria and/or inner/outer boundary choices. It is
outside the scope of this paper to identify in more detail why the
model atmosphere results differ as this would require a dedicated
benchmark study.
The ATLAS atmosphere models were developed for hotter stars
and cover a wide range of metallicities, surface gravities and ef-
fective temperatures, from hot O and B down to early-type M
stars. The latest models use improved opacity distribution func-
tions (ODFs) as described in Castelli & Kurucz (2004). The atomic
and molecular line lists for the new ODFs are from the old Kurucz
(1990) ODFs with some changes. A new TiO list from Schwenke
(1998) is used. Additionally H2O lines are adopted from Partridge
MNRAS 450, 160–182 (2015)
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Figure 7. Colour indices versus effective temperature for all model atmosphere families (circles – ATLAS, squares – MARCS, lower triangles – PHOENIX, upper
triangles – DRIFT-PHOENIX) of solar metallicity. The first three plots refer to the UKIDSS filter system. The two red stars are observed data for GJ 1214 and
Kepler 42 (Cutri et al. 2003; Muirhead et al. 2012; Anglada-Escude et al 2013). The 2MASS measurements for these two stars have been shifted into the
UKIDSS system using the transformations given in Hewett et al. 2006. Colour coding is used for different values for log(g) with a step of 0.5 dex. Top left:
for lower Teff, models with lower log(g) have higher H−K values than models with high log(g). The trend inverses at higher temperatures. Top right: no clear
trend with respect to log(g) is visible for lower Teff. At higher temperatures models with lower log(g) show higher J−K values. Bottom left: no trend for lower
Teff. At higher temperatures models with higher log(g) have higher Z−J values. Bottom right: for low temperatures, models with high log(g) show a higher
B−V value. The B−V difference with respect to log(g) diminishes for higher Teff.
& Schwenke (1997). Furthermore extra bands have been added for
some molecules such as CN, OH and SiO. Line list and ODFs can
be found on Kurucz6 and Castelli’s7 web pages. Element abun-
dances are solar and adopted from Grevesse & Sauval (1998). The
models are calculated assuming mixing-length theory (MLT) with-
out overshooting, with a mixing length parameter l/Hp = 1.25 and
line-broadening by a microturbulent velocity of vturb = 2.0 km s−1.
The MARCS models (Gustafsson et al. 2008) have focused on
F, G and K stars extending into the M-dwarf regime. The opacity
sampling method is used. Models are available for micro-turbulence
velocities of vturb = 0, 1, 2 and 5 km s−1 (for comparison purposes
with atlas, we have only considered a value of 2 km s−1). The mixing
length parameter value is 1/Hp = 1.5. The models are also divided in
several metal abundance groups, out of which we consider the one
with abundances from Grevesse et al. (2007). Molecular opacity
sources include HCN, H2O, C2, C3, C2H2, CH, CN, CaH, FeH,
6 http://kurucz.harvard.edu/
7 http://wwwuser.oats.inaf.it/castelli/
MgH, NH, OH, SiH, SiO, TiO, VO and ZrO. Continuous absorption
sources are H I, H−, H−2 , H
+
2 , He I, He−, C I, C II, C−, N I, N II, N−,
O I, O II, O−, Mg I, Mg II, Al I, Al II, Si I, Si II, Ca I, Ca II, Fe I, Fe II,
CH, OH, CO− and H2O−. The codes also include collision-induces
absorption from H I + H I, H I + He I, H2 + H I, H2 + H2, H2 + He I;
continuous electron scattering and Rayleigh scattering for H I, H2
and He I. The authors suggest that the only significant difference
using different molecular opacity sources comes from CO, H2O
and TiO. CO sources adopted by (Gustafsson et al. 2008) (table 2)
are from Goorvitch (1994) and Kurucz & Bell (1995), H2O from
Barber et al. (2006) and TiO from Plez (1998).
The PHOENIX models (Husser et al. 2013) are based on the
Hauschildt & Baron (1999) stellar atmosphere code. The gas-phase
chemistry is treated with the Astrophysical Chemical Equilibrium
Solver (ACES; Witte et al. 2011). Husser et al. note that while con-
densation is included as element sink in the equation of state, it is
omitted from opacity calculations and additionally no dust settle-
ment is included in any of the models. The gas opacity species (line
and continuum) are the same like in DRFIT-PHOENIX (see below). The
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code uses MLT, with 1/Hp ∼ 1.8–3.5 for the M-dwarf parameter
space. The microturbulent velocity is linked to the convective veloc-
ity that results from MLT. However, the microturbulent velocity it
is only considered in the calculations of the high-resolution spectra,
but not used for the computation of the atmospheric structure. Based
on this assumption, vturb < 1 km s−1 for PHOENIX model atmospheres
in the M-dwarf parameter range.
The DRIFT-PHOENIX models are aimed at brown dwarf and planet at-
mospheres. They are a combination of the PHOENIX atmosphere code
(Hauschildt & Baron 1999), version 16.00.02A, and the DRIFT mod-
ule (Helling, Woitke & Thi 2008b; Witte et al. 2009) that models
cloud formation. DRIFT solves a system of element conservation and
dust moment equations in phase non-equilibrium including the pro-
cesses of dust nucleation, growth and/or evaporation. The influence
of gravitational settling and element replenishment by convective
overshooting is considered in relation to the formation processes.
Six main elements are considered in these processes – Ti, O, Al, Fe,
Si and Mg, together with the seven most important solids consist-
ing of these elements – TiO2[s], Al2O3[s], Fe[s], SiO2[s], MgO[s],
MgSiO3[s] and Mg2SiO4[s]. The line opacity sources considered
include H2, CH, NH, OH, MgH, SiH, CN, SiO, CO2, O3, N−2 O, CH4,
SO2, NH3, HCl, N2, VO, CaH, CrH and FeH. Collision-induced ab-
sorption sources include H2 − H2, H2 − He, H2 − CH4, H2 − N2,
N2 − CH4, N2 − N2, CH4 − CH4, CO2 − CO2, Ar − H2 and Ar −
CH4. CO lines are adopted from Goorvitch (1994), H2O from Bar-
ber & Tennyson (2008) and TiO from Schwenke (1998). Mie and
effective medium theory are applied to calculate the cloud opacity
of mixed grains including the above-mentioned solid materials.
Only the PHOENIX and DRIFT-PHOENIX model families use the same
line lists for gas opacity sources, and only MARCS and DRIFT-PHOENIX
use the same values for the element abundances (Grevesse et al.
2007). It is therefore not surprising that the model fluxes differ
particular for low Teff, where the influence of molecular and dust
opacity is most prominent. In addition, there are differences in in-
put parameter values such as the mixing length parameter. Husser
et al. 2013 (their section 2.3.3) suggest that the microturbulent ve-
locities does have no noticeable effect on the atmospheric structure
computation results.
We further note that (Gustafsson et al. 2008) presented a compari-
son of the MARCS model atmospheres to ATLAS and PHOENIX (NextGen)
model atmospheres as available at the time. Their comparison of
the (Tgas, pgas)-structures of MARCS andATLAS model atmospheres for
giants and supergiants for log(g) = 4.5 and Teff = 4000, 5000, 6000,
7000 K did show a respectable agreement between the models. The
same holds for their test of varying metallicities, and for a compari-
son to NextGen PHOENIX models with (log(g), Teff) = (0.0, 3000 K),
(3.0, 5000 K). No radiation fluxes were compared. Plez (2011)
presented comparison of synthetic Johnson–Cousins UBVRIJHK
photometry and colours of MARCS, ATLAS and PHOENIX (NextGen)
model atmospheres for Teff = 3500–8000 K. Plez (2011) demon-
strate that differences do increase with decreasing Teff particularly
for Teff < 4000 K. Our study presented in this paper does support
these findings and extend these early model comparisons into the
M-dwarf regime.
5.2 Comparing synthetic photometry and observations
We compare the synthetic photometry for all three model atmo-
sphere families with two observations.
(i) We compare the synthetic photometry results with observa-
tions for the M stars published in Koen et al. (2010).
(ii) The B−V, J−K and H−K colours of two observed M-dwarf
planet host stars (Kepler 42, Muirhead et al. 2012; GJ1214, Anglada-
Escude et al 2013) are included in Fig. 7 for comparison.
All objects of spectral type M, and for which optical and infrared
photometry was available, were selected from tables 2 and 4 Koen
et al. (2010) for our comparison. The majority of this sample of ob-
jects are early M stars with Teff ≈4000 K and log(g)≈4.5. Table C6
lists the names, associated photometric magnitudes and spectral
types of all stars used for this comparison. Only the MARCS and the
PHOENIX model families cover the respective parameter range. Fig. 8
presents a colour plot of the photometry that compares the MARCS
and PHOENIX model results with the sample of observed M stars.
Early M-dwarfs are represented by model atmospheres with
Teff ≈ 4000 K, and the sample of observed M-dwarfs does not con-
tain examples with Teff < 3500 K. Therefore, the upper half of the
plot is empty, hence, it does not imply the models are giving incor-
rect predictions for these effective temperatures. The spectral type
of the observed targets explains the lack of objects in the upper half
of the plots and is not a mismatch between models and observations.
For log(g)=4.5 the median of the observed colours is well repro-
duced by the atmosphere models. For higher log(g), the observed
colours are redder than predicted by atmosphere models. However,
the scatter in the observations is larger than the differences in the
models would suggest. The measurement uncertainties ∼ 0.01 mag
(Koen et al. 2010) are not big enough to account for the scatter in
the observed data.
The reason for the differences between models and observations
is not obvious. One reason could be a mismatch between the metal-
licities of the stars and the (solar) metallicity in the models. Note
that not all objects in Fig. 8 have reliably measured metallicities,
hence, the scatter of the observed data could be partly due to vary-
ing stellar metallicities. The comparison between the exoplanet
host stars strengthens this hypothesis. While GJ1214 has approx-
imately solar metallicity, Kepler 42 is reported to have sub-solar
metallicity([Fe/H]=−0.48 ± 0.17 and [M/H]=−0.33 ± 0.12, Muir-
head et al. 2012). GJ1214 is significantly redder in near-infrared
colours than Kepler 42, but still only marginally consistent with the
H−K colour predicted from atmosphere models. Both objects are
redder in B−V than all predictions from the models.
Alternatively, the mismatch could be caused by physical pro-
cesses not included in the models considered here, for exam-
ple, effects related to the presence of strong magnetic fields (e.g.
Vidotto et al. 2013). It has been shown that strong magnetic fields
can alter the fundamental properties of cool stars, in particular,
suppress the temperature and inflate the radius. A temperature sup-
pression of up to 200–400 K is realistic for early M-type stars, see
Stassun et al. (2012). This could possibly explain an increase of up
to 0.1 mag in the J−K colour (see Fig. 7). In summary, the best
explanation for the scatter in the observed data points in Fig. 8 is
probably a combination of a range of metallicities and the presence
of magnetic fields, whereas the contribution from measurement un-
certainties is only minor.
5.3 Implications of host-star’s uncertainties for exoplanets
Estimating exoplanetary mass and radius directly depends on
knowledge of the host star’s mass and radius. Most often, they
are derived by comparison to evolutionary models which, however,
already carry the uncertainties in model atmospheres discussed in
the previous sections. Stellar atmosphere models can provide values
for surface gravity, log(g), but there is still a degeneracy in possible
values for stellar mass and radius.
MNRAS 450, 160–182 (2015)
Planetary host star model atmospheres 171
Figure 8. Colour–colour plot for a set of observed M stars (black diamonds, C6) and synthetic photometry of MARCS (yellow sqaures) and PHOENIX (green
triangles) models for Teff = 3000–4000 K, [M/H] = 0.0 and log(g) = 5.5–4.5. Each panel contains sets of models for a particular value of log(g). The model Teff
changes from 3000 K for higher y-axis values to 4000 K for lower y-axis values in each panel. Observed sample is adopted from the UBVRI, JHK photometry
of Koen et al. (2010). It contains stars with various temperatures, surface gravity and metallicity values. The entire sample is plotted in all three panels. Typical
observational uncertainty for the sample is ∼0.01mag for both, optical and infrared. The median of the observed colours is well reproduced by the log(g) = 4.5
atmosphere models. Scatter in the observations is larger than the differences in the models would suggest.
An important property for a star-planet(s) system is the HZ. The
HZ refers to the distance away from the star where liquid water
could exist on the surface of a planet, provided sufficient atmo-
spheric pressure. Detailed calculations for the extent of the HZ have
been conducted by Kasting, Whitmire & Reynolds (1993), Jones &
Sleep (2010) and Kopparapu et al. (2013). Kane (2014) uses their
methods to estimate the uncertainty of the HZs location (resulting
from stellar parameter (effective temperature, radius, surface grav-
ity, mass) uncertainties) for confirmed exoplanetary host stars and
Kepler candidate hosts. The author demonstrates that ∼ 5 per cent
uncertainties in Teff result in ∼ 10 per cent uncertainty in the HZ
location. Furthermore, the HZ distance is shown to have a linear de-
pendence on the stellar radius R and hence proportional to
√
1/g
and
√
M∗, where g and M are the stellar surface gravity and mass.
The system Kepler 27 is used as an example where the host star’s
parameters have large uncertainties. The associated error in the HZ
region is demonstrated to be large enough, so that a planet in HZ
may very well lie outside of it on a 1σ level. The author further
states that this is the case for the majority of Kepler candidates.
Plavchan, Bilinski & Currie (2014) compare transit durations
of Kepler targets to a synthetic distribution crated based on
eccentricities of exoplanets discovered by the radial velocity
method. The authors find an overabundance of Kepler targets with
transit durations longer than expected and a median transit dura-
tion of ∼25 per cent longer than predicted. These effects are both
attributed to underestimates of the stellar radii. In addition, a sta-
tistically significant trend is found in the average transit duration
as a function of stellar mass and radius which is explained by
errors in determination of stellar radii as a function of spectral
type.
A particularly underestimated factor for M-dwarfs is their strong
magnetic field activity. The magnetic activity of the host star can
have strong implications for the habitability of a planet. Vidotto
et al. (2013) and Vidotto et al. (2014) address planetary magne-
toshpere size in relation to the stellar magnetic fields and show
that for non-axisymmetric stellar magnetic field topologies, the
size of the planetary magnetosphere can expand/shrink by up to
20 per cent along its orbit. In addition, the authors argue that plan-
ets in systems around host stars with such magnetic field topolo-
gies will be better shielded against Galactic cosmic rays even in
the absence of a thick planetary atmosphere or a large planetary
magnetosphere.
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6 SU M M A RY
We compared ATLAS9, MARCS, PHOENIX and DRIFT-PHOENIX atmosphere
models in the M-dwarf parameter range that includes young M-
dwarfs and also brown dwarfs. Our study has been inspired by the
first model atmosphere comparison in Gustafsson et al. (2008) and
in Plez (2011) which focused on Teff > 3500 K, and by extensive
studies for space missions as in Sarro et al. (2013). Our comparison
of (Tgas, pgas) structures for Teff < 3500 K reveals difference in local
temperatures between the MARCS, PHOENIX and DRIFT-PHOENIX model
atmosphere families of, on average, less than 300 K. Such a variation
becomes significant for low Teff models, where dust condensation
plays a major role for the shape of the SED.
We compiled UKIDSS ZYJHK, 2MASS JHKs and Johnson UB-
VRI synthetic photometric data for the ATLAS, MARCS, PHOENIX, and
DRIFT-PHOENIX model families. Colour indices differ between mod-
els by no more than 0.15 dex in the IR range. Both, atmospheric
structure and synthetic photometry data, suggests that model atmo-
spheres with higher surface gravity agree better between different
models regardless of their Teff. Comparing to observational data, the
difference in the models is smaller than the typical observational
errors of 0.01 mag. However, a spread in the data is present which
is not account for by the models, which may suggest a mismatch
between model and stellar metallicities.
This paper demonstrated differences and similarities between
various model atmosphere families which allows a better estimate
of systematic uncertainty values that may result from our limited
capacity of modelling every aspect of atmosphere physics and chem-
istry in the best possible way, and from the tentativeness of the ‘best
possible way’. Optimally, more than one model family should be
used when working with observational data. The need for model
atmosphere diversity has been demonstrated, for example, with re-
spect to disc detection (Sinclair et al. 2010) or determining planetary
parameter (Southworth 2012). Such studies suggest that a similar
multimodel approach could be beneficial for studies as for example
performed in Sarro et al. (2013), who present a module that will be
used to detect and characterize ultracool dwarfs in the Gaia data
base.
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A P P E N D I X A : PA R A M E T E R VA L U E S O F
MOD ELS U SED
Tables A1– A4 indicate availability of models of different families
for various parameter value combinations.
The tables below describe the parameter values for all the models
used in this work. Empty cells indicate that a given set of parameter
values was not used as the corresponding model was missing in
some model family.
Table A1. Common models between ATLAS and MARCS for Teff = 3500 K.
log(g)[M/H] −2.5 −2.0 −1.5 −1.0 −0.5 0.0 +0.5
3.0 X X X X X X
3.5 X X X X X X X
4.0 X X X X X X X
4.5 X X X X X X X
5.0 X X X X X X X
Table A2. Common models between ATLAS and MARCS for Teff = 4000 K.
log(g)[M/H] −2.5 −2.0 −1.5 −1.0 −0.5 0.0 +0.5
3.0 X X X X X X X
3.5 X X X X X X X
4.0 X X X X X X X
4.5 X X X X X X X
5.0 X X X X X X X
Table A3. Common models between MARCS, PHOENIX and DRIFT-PHOENIX
for [M/H] = 0.0.
log(g)Teff 2500 2600 2700 2700 2800 2900 3000
3.0 X X X X X X X
3.5 X X X X X X X
4.0 X X X X X X X
4.5 X X X X X X X
5.0 X X X X X X X
5.5 X X X X X X X
APPENDI X B: C OMPLEMENTA RY T– P
S T RU C T U R E A N D F L U X R AT I O N P L OT S
Figure B1 presents a sample of plots illustrating the difference in
temperature–pressure structures between ATLAS and MARCS models
in the metallicity parameter space. Figure B2 gives synthetic flux
ratios in the optical bands for the ATLAS and MARCS models.
A P P E N D I X C : SY N T H E T I C FL U X A N D
C O L O U R DATA
Table C1 summarizes the filter wavelength ranges where through-
put values are above 1 per cent for the systems used in this study.
Table C2–C5 provide a complete set of synthetic fluxes for all mod-
els discussed in this work. Table C6 contains photometric data for
the sample M-dwarfs used for the comparison with synthetic colours
in Section 5.2.
Table A4. Additional common models between MARCS, PHOENIX for [M/H] = 0.0.
log(g)Teff 3100 3200 3300 3400 3500 3600 3700 3800 3900 4000
3.0 X X X X X X X X X X
3.5 X X X X X X X X X X
4.0 X X X X X X X X X X
4.5 X X X X X X X X X X
5.0 X X X X X X X X X X
5.5 X X X X X X X X X X
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Figure B1. Local temperature–pressure structures of the ATLAS and MARCS models for Teff = 4000 K, log(g) = 5.0 and various metallicity values.
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Figure B2. Synthetic flux ratios between for ATLAS/MARCS models in the optical Johnson UBVR bandpasses for Teff = 3500 K.
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Figure B3. Synthetic flux ratios between for ATLAS/MARCS models in the optical Johnson UBVR bandpasses for Teff = 4000 K.
Table C1. Wavelength range for
filters used for synthetic pho-
tometry. The range is given
for throughput values above
1 per cent.
Filter Wavelength range
UKIDSS Z 0.82–0.94 µm
UKIDSS Y 0.96–1.10 µm
UKIDSS J 1.15–1.35 µm
UKIDSS H 1.45–1.82 µm
UKIDSS K 1.96–2.44 µm
2MASS J 1.08–1.41 µm
2MASS H 1.48–1.82 µm
2MASS Ks 1.95–2.36 µm
Johnson U 3050–4100 Å
Johnson B 3700–5500 Å
Johnson V 4700–7300 Å
Johnson R 5250–9450 Å
Johnson I 6900–11800 Å
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Table C2. Complete set of PHOENIX synthetic fluxes for models of solar metallicity. The values in the filter columns correspond to
−2.5 log(FR1/FR1,Vega), where R1 is the corresponding filter. Column 3–7 refer to the Johnson and columns 11–15 to the UKIDSS filters.
Teff log(g) U B V R I 2MASS H 2MASS J 2MASS Ks H J K Y Z
2500 3.0 11.50 10.99 9.83 7.32 5.05 2.51 3.10 2.12 2.57 2.97 2.07 2.97 2.07
2500 3.5 11.74 11.03 9.88 7.32 5.02 2.47 3.08 2.10 2.53 2.95 2.05 2.95 2.05
2500 4.0 12.14 11.14 9.95 7.32 5.01 2.43 3.05 2.08 2.49 2.93 2.03 2.93 2.03
2500 4.5 12.72 11.33 9.99 7.30 5.00 2.39 3.03 2.07 2.45 2.90 2.02 2.90 2.02
2500 5.0 13.46 11.52 9.99 7.24 4.96 2.34 3.00 2.06 2.40 2.87 2.03 2.87 2.03
2500 5.5 14.43 11.63 9.79 7.03 4.83 2.33 2.98 2.11 2.38 2.85 2.08 2.85 2.08
2600 3.0 10.97 10.44 9.23 6.89 4.77 2.37 2.96 2.00 2.43 2.83 1.96 2.83 1.96
2600 3.5 11.15 10.44 9.23 6.87 4.74 2.34 2.94 1.98 2.40 2.82 1.94 2.82 1.94
2600 4.0 11.46 10.52 9.29 6.87 4.72 2.30 2.92 1.96 2.36 2.80 1.92 2.80 1.92
2600 4.5 11.94 10.68 9.40 6.89 4.71 2.26 2.89 1.95 2.32 2.77 1.91 2.77 1.91
2600 5.0 12.59 10.91 9.48 6.89 4.70 2.22 2.87 1.94 2.27 2.75 1.90 2.75 1.90
2600 5.5 13.43 11.14 9.48 6.84 4.66 2.19 2.85 1.96 2.24 2.72 1.93 2.72 1.93
2700 3.0 10.50 9.96 8.73 6.53 4.53 2.24 2.82 1.89 2.29 2.70 1.85 2.70 1.85
2700 3.5 10.62 9.89 8.65 6.46 4.48 2.21 2.81 1.87 2.26 2.69 1.83 2.69 1.83
2700 4.0 10.86 9.94 8.67 6.45 4.45 2.18 2.79 1.86 2.23 2.67 1.81 2.67 1.81
2700 4.5 11.25 10.07 8.75 6.47 4.44 2.14 2.77 1.84 2.19 2.65 1.80 2.65 1.80
2700 5.0 11.79 10.26 8.87 6.50 4.43 2.10 2.74 1.83 2.15 2.62 1.79 2.62 1.79
2700 5.5 12.53 10.52 8.97 6.51 4.41 2.07 2.72 1.83 2.12 2.60 1.80 2.60 1.80
2800 3.0 10.06 9.51 8.30 6.22 4.30 2.08 2.68 1.77 2.13 2.56 1.73 2.56 1.73
2800 3.5 10.12 9.39 8.13 6.10 4.24 2.08 2.68 1.76 2.13 2.56 1.72 2.56 1.72
2800 4.0 10.31 9.39 8.10 6.06 4.20 2.06 2.67 1.75 2.11 2.55 1.71 2.55 1.71
2800 4.5 10.62 9.48 8.14 6.07 4.19 2.03 2.65 1.73 2.08 2.54 1.70 2.54 1.70
2800 5.0 11.08 9.65 8.23 6.09 4.18 1.99 2.63 1.72 2.04 2.52 1.69 2.52 1.69
2800 5.5 11.71 9.87 8.34 6.12 4.16 1.95 2.61 1.72 2.00 2.49 1.69 2.49 1.69
2900 3.0 9.68 9.10 7.94 5.94 4.09 1.92 2.54 1.64 1.96 2.42 1.60 2.42 1.60
2900 3.5 9.68 8.94 7.69 5.78 4.01 1.94 2.54 1.65 1.99 2.43 1.61 2.43 1.61
2900 4.0 9.81 8.90 7.60 5.72 3.98 1.94 2.54 1.64 1.98 2.43 1.60 2.43 1.60
2900 4.5 10.06 8.95 7.59 5.70 3.96 1.92 2.54 1.63 1.96 2.43 1.60 2.43 1.60
2900 5.0 10.44 9.07 7.64 5.71 3.94 1.88 2.52 1.62 1.93 2.41 1.59 2.41 1.59
2900 5.5 10.96 9.27 7.73 5.74 3.93 1.85 2.50 1.61 1.89 2.39 1.58 2.39 1.58
3000 3.0 9.33 8.72 7.61 5.69 3.90 1.73 2.41 1.49 1.78 2.30 1.46 2.30 1.46
3000 3.5 9.27 8.52 7.30 5.50 3.81 1.79 2.41 1.52 1.83 2.30 1.49 2.30 1.49
3000 4.0 9.35 8.45 7.15 5.40 3.76 1.81 2.42 1.53 1.85 2.31 1.50 2.31 1.50
3000 4.5 9.54 8.46 7.10 5.37 3.74 1.80 2.42 1.53 1.84 2.31 1.50 2.31 1.50
3000 5.0 9.85 8.55 7.12 5.36 3.73 1.78 2.41 1.52 1.82 2.30 1.49 2.30 1.49
3000 5.5 10.30 8.71 7.18 5.38 3.72 1.75 2.40 1.51 1.79 2.29 1.48 2.29 1.48
3100 3.0 9.02 8.35 7.30 5.46 3.71 1.54 2.29 1.33 1.59 2.18 1.30 2.18 1.30
3100 3.5 8.92 8.13 6.95 5.24 3.61 1.63 2.29 1.39 1.67 2.19 1.36 2.19 1.36
3100 4.0 8.94 8.04 6.76 5.12 3.57 1.67 2.30 1.42 1.71 2.20 1.39 2.20 1.39
3100 4.5 9.08 8.03 6.68 5.06 3.55 1.69 2.31 1.43 1.73 2.20 1.40 2.20 1.40
3100 5.0 9.33 8.09 6.66 5.04 3.53 1.68 2.30 1.43 1.72 2.20 1.40 2.20 1.40
3100 5.5 9.69 8.20 6.69 5.05 3.52 1.65 2.30 1.42 1.69 2.19 1.39 2.19 1.39
3200 3.0 8.73 8.00 7.00 5.23 3.54 1.36 2.17 1.18 1.41 2.06 1.15 2.06 1.15
3200 3.5 8.60 7.77 6.62 5.00 3.44 1.47 2.18 1.25 1.52 2.08 1.23 2.08 1.23
3200 4.0 8.58 7.66 6.40 4.86 3.39 1.54 2.19 1.30 1.58 2.09 1.27 2.09 1.27
3200 4.5 8.67 7.63 6.29 4.79 3.36 1.57 2.20 1.33 1.61 2.09 1.30 2.09 1.30
3200 5.0 8.86 7.66 6.25 4.75 3.35 1.57 2.20 1.33 1.61 2.10 1.30 2.10 1.30
3200 5.5 9.15 7.75 6.25 4.74 3.34 1.56 2.19 1.33 1.60 2.09 1.30 2.09 1.30
3300 3.0 8.51 7.68 6.66 5.00 3.39 1.22 2.08 1.05 1.27 1.97 1.03 1.97 1.03
3300 3.5 8.34 7.45 6.30 4.77 3.28 1.33 2.08 1.13 1.37 1.98 1.10 1.98 1.10
3300 4.0 8.27 7.32 6.07 4.62 3.22 1.41 2.09 1.19 1.45 1.99 1.16 1.99 1.16
3300 4.5 8.30 7.27 5.94 4.53 3.19 1.45 2.10 1.22 1.49 1.99 1.20 1.99 1.20
3300 5.0 8.44 7.28 5.88 4.48 3.18 1.47 2.10 1.24 1.51 2.00 1.21 2.00 1.21
3300 5.5 8.67 7.34 5.87 4.46 3.17 1.47 2.10 1.24 1.50 2.00 1.22 2.00 1.22
3400 3.0 8.34 7.34 6.22 4.70 3.23 1.11 2.01 0.94 1.16 1.91 0.93 1.91 0.93
3400 3.5 8.12 7.15 5.97 4.53 3.14 1.21 1.99 1.01 1.25 1.89 0.99 1.89 0.99
3400 4.0 8.00 7.01 5.75 4.38 3.07 1.29 1.99 1.08 1.33 1.89 1.05 1.89 1.05
3400 4.5 7.99 6.94 5.62 4.29 3.04 1.34 2.00 1.12 1.38 1.90 1.10 1.90 1.10
3400 5.0 8.07 6.93 5.55 4.24 3.02 1.37 2.00 1.15 1.40 1.90 1.12 1.90 1.12
3400 5.5 8.24 6.97 5.53 4.21 3.01 1.38 2.00 1.16 1.41 1.91 1.13 1.91 1.13
3500 3.0 8.14 6.99 5.81 4.42 3.07 1.01 1.93 0.84 1.05 1.83 0.83 1.83 0.83
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Table C2 – continued
Teff log(g) U B V R I 2MASS H 2MASS J 2MASS Ks H J K Y Z
3500 3.5 7.92 6.84 5.61 4.28 3.00 1.09 1.91 0.91 1.13 1.81 0.90 1.81 0.90
3500 4.0 7.76 6.71 5.43 4.14 2.93 1.18 1.91 0.98 1.22 1.81 0.96 1.81 0.96
3500 4.5 7.71 6.64 5.31 4.06 2.90 1.24 1.91 1.03 1.27 1.81 1.00 1.81 1.00
3500 5.0 7.73 6.62 5.25 4.01 2.88 1.27 1.91 1.06 1.31 1.81 1.03 1.81 1.03
3500 5.5 7.85 6.64 5.22 3.98 2.87 1.29 1.91 1.08 1.32 1.82 1.05 1.82 1.05
3600 3.0 7.93 6.63 5.39 4.12 2.93 0.92 1.85 0.76 0.96 1.75 0.75 1.75 0.75
3600 3.5 7.72 6.53 5.27 4.03 2.86 0.99 1.84 0.82 1.03 1.74 0.81 1.74 0.81
3600 4.0 7.54 6.42 5.13 3.92 2.80 1.07 1.83 0.88 1.11 1.73 0.87 1.73 0.87
3600 4.5 7.45 6.35 5.02 3.84 2.77 1.14 1.82 0.94 1.17 1.73 0.92 1.73 0.92
3600 5.0 7.44 6.32 4.97 3.79 2.74 1.18 1.82 0.97 1.21 1.73 0.95 1.73 0.95
3600 5.5 7.51 6.34 4.95 3.77 2.73 1.20 1.82 1.00 1.23 1.73 0.97 1.73 0.97
3700 3.0 7.69 6.28 5.00 3.84 2.78 0.85 1.77 0.69 0.89 1.67 0.69 1.67 0.69
3700 3.5 7.50 6.23 4.94 3.79 2.73 0.89 1.75 0.74 0.93 1.66 0.73 1.66 0.73
3700 4.0 7.33 6.15 4.84 3.70 2.68 0.97 1.75 0.80 1.01 1.65 0.78 1.65 0.78
3700 4.5 7.21 6.08 4.76 3.63 2.64 1.04 1.74 0.85 1.08 1.65 0.84 1.65 0.84
3700 5.0 7.16 6.05 4.71 3.58 2.62 1.09 1.74 0.89 1.12 1.64 0.87 1.64 0.87
3700 5.5 7.19 6.05 4.69 3.56 2.60 1.12 1.74 0.92 1.15 1.64 0.90 1.64 0.90
3800 3.0 7.42 5.96 4.66 3.58 2.65 0.79 1.69 0.64 0.83 1.60 0.64 1.60 0.64
3800 3.5 7.26 5.93 4.64 3.56 2.61 0.81 1.67 0.66 0.85 1.58 0.66 1.58 0.66
3800 4.0 7.11 5.88 4.58 3.50 2.57 0.87 1.66 0.72 0.91 1.57 0.71 1.57 0.71
3800 4.5 6.98 5.82 4.51 3.43 2.53 0.95 1.66 0.77 0.98 1.57 0.76 1.57 0.76
3800 5.0 6.90 5.79 4.46 3.39 2.50 1.01 1.66 0.81 1.04 1.56 0.80 1.56 0.80
3800 5.5 6.90 5.79 4.45 3.37 2.48 1.04 1.66 0.84 1.07 1.56 0.82 1.56 0.82
3900 3.0 7.12 5.64 4.35 3.34 2.52 0.74 1.61 0.60 0.77 1.52 0.60 1.52 0.60
3900 3.5 7.01 5.64 4.36 3.33 2.49 0.74 1.60 0.60 0.78 1.50 0.60 1.50 0.60
3900 4.0 6.88 5.62 4.33 3.30 2.45 0.79 1.59 0.64 0.82 1.49 0.64 1.49 0.64
3900 4.5 6.75 5.58 4.28 3.25 2.42 0.86 1.58 0.70 0.89 1.49 0.68 1.49 0.68
3900 5.0 6.65 5.55 4.24 3.21 2.39 0.92 1.58 0.74 0.95 1.48 0.73 1.48 0.73
3900 5.5 6.62 5.54 4.22 3.19 2.37 0.96 1.57 0.77 0.99 1.48 0.76 1.48 0.76
4000 3.0 6.82 5.37 4.09 3.13 2.39 0.69 1.53 0.56 0.73 1.44 0.56 1.44 0.56
4000 3.5 6.72 5.36 4.10 3.13 2.37 0.68 1.52 0.56 0.72 1.42 0.55 1.42 0.55
4000 4.0 6.62 5.35 4.10 3.11 2.34 0.71 1.51 0.58 0.74 1.41 0.57 1.41 0.57
4000 4.5 6.51 5.34 4.07 3.08 2.31 0.77 1.50 0.62 0.80 1.41 0.62 1.41 0.62
4000 5.0 6.41 5.31 4.03 3.04 2.28 0.83 1.50 0.67 0.86 1.40 0.66 1.40 0.66
Table C3. Complete set of MARCS synthetic fluxes for models of solar metallicity. The values in the filter columns correspond to
−2.5 log(FR1/FR1,Vega), where R1 is the corresponding filter. Column 3–7 refer to the Johnson and columns 11–15 to the UKIDSS filters.
Teff log(g) U B V R I 2MASS H 2MASS J 2MASS Ks H J K Y Z
2500 3.0 11.19 11.16 10.96 7.61 5.03 2.43 3.00 2.09 2.49 2.87 2.04 2.87 2.04
2500 3.5 11.64 11.32 10.90 7.57 5.02 2.42 3.03 2.08 2.49 2.89 2.04 2.89 2.04
2500 4.0 12.26 11.60 10.97 7.59 5.02 2.41 3.03 2.08 2.47 2.90 2.04 2.90 2.04
2500 4.5 13.14 12.00 11.08 7.64 5.03 2.39 3.04 2.09 2.45 2.91 2.05 2.91 2.05
2500 5.0 14.30 12.43 11.16 7.70 5.02 2.38 3.04 2.13 2.44 2.91 2.09 2.91 2.09
2500 5.5 15.53 12.78 11.20 7.77 4.99 2.38 3.04 2.20 2.43 2.91 2.17 2.91 2.17
2600 3.0 10.66 10.55 10.23 7.16 4.74 2.28 2.85 1.97 2.34 2.72 1.92 2.72 1.92
2600 3.5 11.02 10.65 10.11 7.10 4.72 2.28 2.88 1.96 2.34 2.75 1.92 2.75 1.92
2600 4.0 11.51 10.85 10.14 7.10 4.71 2.27 2.89 1.96 2.33 2.76 1.91 2.76 1.91
2600 4.5 12.21 11.16 10.25 7.14 4.72 2.25 2.89 1.96 2.31 2.77 1.92 2.77 1.92
2600 5.0 13.18 11.54 10.35 7.20 4.71 2.24 2.90 1.98 2.29 2.77 1.94 2.77 1.94
2600 5.5 14.32 11.90 10.41 7.26 4.70 2.23 2.90 2.04 2.29 2.77 2.00 2.77 2.00
2700 3.0 10.20 10.02 9.60 6.77 4.47 2.12 2.70 1.84 2.18 2.57 1.80 2.57 1.80
2700 3.5 10.47 10.04 9.39 6.67 4.44 2.15 2.74 1.85 2.20 2.61 1.80 2.61 1.80
2700 4.0 10.85 10.17 9.37 6.65 4.43 2.14 2.75 1.84 2.19 2.63 1.80 2.63 1.80
2700 4.5 11.40 10.40 9.45 6.68 4.43 2.12 2.76 1.84 2.18 2.64 1.80 2.64 1.80
2700 5.0 12.20 10.72 9.56 6.73 4.43 2.11 2.76 1.85 2.16 2.64 1.81 2.64 1.81
2700 5.5 13.20 11.06 9.65 6.79 4.42 2.10 2.76 1.89 2.15 2.64 1.85 2.64 1.85
2800 3.0 9.81 9.56 9.07 6.43 4.24 1.95 2.56 1.71 2.00 2.44 1.67 2.44 1.67
2800 3.5 9.99 9.49 8.77 6.29 4.19 2.00 2.60 1.73 2.06 2.48 1.69 2.48 1.69
2800 4.0 10.28 9.55 8.68 6.24 4.17 2.01 2.62 1.73 2.06 2.51 1.69 2.51 1.69
2800 4.5 10.71 9.72 8.72 6.25 4.16 2.00 2.63 1.73 2.05 2.52 1.69 2.52 1.69
2800 5.0 11.34 9.97 8.81 6.29 4.16 1.98 2.63 1.73 2.03 2.52 1.70 2.52 1.70
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Table C3 – continued
Teff log(g) U B V R I 2MASS H 2MASS J 2MASS Ks H J K Y Z
2800 5.5 12.19 10.28 8.91 6.34 4.16 1.97 2.64 1.76 2.02 2.52 1.72 2.52 1.72
2900 3.0 9.49 9.16 8.62 6.14 4.04 1.77 2.44 1.57 1.82 2.32 1.53 2.32 1.53
2900 3.5 9.57 9.01 8.24 5.96 3.96 1.86 2.47 1.61 1.91 2.36 1.57 2.36 1.57
2900 4.0 9.77 9.01 8.08 5.88 3.93 1.88 2.50 1.62 1.93 2.38 1.58 2.38 1.58
2900 4.5 10.10 9.11 8.06 5.86 3.92 1.88 2.51 1.62 1.93 2.40 1.58 2.40 1.58
2900 5.0 10.60 9.30 8.12 5.88 3.92 1.87 2.51 1.62 1.91 2.40 1.59 2.40 1.59
2900 5.5 11.30 9.56 8.21 5.92 3.92 1.86 2.51 1.64 1.90 2.40 1.60 2.40 1.60
3000 3.0 9.21 8.81 8.22 5.88 3.86 1.58 2.33 1.42 1.64 2.22 1.39 2.22 1.39
3000 3.5 9.20 8.59 7.79 5.66 3.76 1.70 2.35 1.49 1.75 2.24 1.45 2.24 1.45
3000 4.0 9.33 8.53 7.56 5.55 3.72 1.75 2.38 1.51 1.80 2.27 1.48 2.27 1.48
3000 4.5 9.57 8.57 7.48 5.51 3.71 1.76 2.39 1.52 1.81 2.28 1.48 2.28 1.48
3000 5.0 9.96 8.70 7.50 5.51 3.70 1.76 2.40 1.52 1.80 2.29 1.48 2.29 1.48
3000 5.5 10.52 8.91 7.57 5.54 3.70 1.75 2.40 1.53 1.79 2.29 1.49 2.29 1.49
3100 3.0 8.98 8.47 7.83 5.63 3.70 1.41 2.23 1.27 1.47 2.12 1.24 2.12 1.24
3100 3.5 8.89 8.22 7.40 5.40 3.58 1.55 2.24 1.36 1.60 2.13 1.32 2.13 1.32
3100 4.0 8.94 8.10 7.11 5.25 3.53 1.62 2.26 1.40 1.66 2.16 1.37 2.16 1.37
3100 4.5 9.11 8.10 6.98 5.18 3.51 1.65 2.28 1.42 1.69 2.17 1.38 2.17 1.38
3100 5.0 9.40 8.18 6.95 5.16 3.50 1.65 2.29 1.42 1.69 2.18 1.39 2.18 1.39
3100 5.5 9.84 8.34 6.99 5.18 3.50 1.64 2.29 1.42 1.68 2.19 1.39 2.19 1.39
3200 3.0 8.76 8.15 7.43 5.38 3.54 1.26 2.14 1.13 1.32 2.03 1.11 2.03 1.11
3200 3.5 8.62 7.88 7.03 5.15 3.42 1.40 2.14 1.22 1.45 2.04 1.19 2.04 1.19
3200 4.0 8.61 7.72 6.72 4.98 3.36 1.49 2.16 1.28 1.53 2.05 1.25 2.05 1.25
3200 4.5 8.70 7.68 6.54 4.89 3.33 1.53 2.17 1.31 1.57 2.07 1.28 2.07 1.28
3200 5.0 8.92 7.72 6.48 4.85 3.32 1.54 2.18 1.32 1.58 2.08 1.29 2.08 1.29
3200 5.5 9.26 7.84 6.48 4.85 3.31 1.54 2.19 1.33 1.58 2.09 1.30 2.09 1.30
3300 3.0 8.56 7.81 6.99 5.11 3.38 1.14 2.06 1.00 1.19 1.95 0.99 1.95 0.99
3300 3.5 8.39 7.57 6.66 4.91 3.27 1.25 2.05 1.09 1.30 1.95 1.07 1.95 1.07
3300 4.0 8.31 7.38 6.35 4.73 3.20 1.36 2.06 1.17 1.40 1.96 1.14 1.96 1.14
3300 4.5 8.35 7.31 6.16 4.63 3.17 1.42 2.07 1.21 1.46 1.97 1.18 1.97 1.18
3300 5.0 8.49 7.32 6.06 4.57 3.15 1.44 2.08 1.23 1.48 1.98 1.20 1.98 1.20
3300 5.5 8.75 7.40 6.04 4.55 3.15 1.45 2.09 1.24 1.48 1.99 1.21 1.99 1.21
3400 3.0 8.36 7.44 6.51 4.81 3.22 1.04 1.98 0.89 1.09 1.88 0.88 1.88 0.88
3400 3.5 8.19 7.26 6.28 4.67 3.14 1.12 1.97 0.96 1.16 1.87 0.95 1.87 0.95
3400 4.0 8.06 7.06 5.98 4.48 3.05 1.24 1.97 1.05 1.28 1.87 1.03 1.87 1.03
3400 4.5 8.04 6.97 5.80 4.37 3.02 1.31 1.98 1.11 1.35 1.88 1.08 1.88 1.08
3400 5.0 8.12 6.96 5.70 4.31 3.00 1.34 1.99 1.14 1.38 1.89 1.11 1.89 1.11
3400 5.5 8.30 7.01 5.66 4.28 2.99 1.35 1.99 1.15 1.39 1.89 1.12 1.89 1.12
3500 3.0 8.14 7.05 6.00 4.48 3.05 0.96 1.90 0.80 1.00 1.80 0.80 1.80 0.80
3500 3.5 7.99 6.94 5.88 4.40 3.00 1.00 1.89 0.85 1.05 1.79 0.84 1.79 0.84
3500 4.0 7.83 6.77 5.63 4.24 2.92 1.12 1.89 0.95 1.16 1.79 0.93 1.79 0.93
3500 4.5 7.76 6.66 5.46 4.13 2.88 1.21 1.89 1.01 1.24 1.79 0.99 1.79 0.99
3500 5.0 7.79 6.64 5.36 4.07 2.86 1.25 1.89 1.05 1.28 1.80 1.02 1.80 1.02
3500 5.5 7.91 6.67 5.32 4.03 2.85 1.27 1.90 1.07 1.30 1.80 1.04 1.80 1.04
3600 3.0 7.92 6.67 5.51 4.16 2.90 0.89 1.83 0.73 0.93 1.73 0.72 1.73 0.72
3600 3.5 7.78 6.61 5.47 4.13 2.86 0.91 1.81 0.76 0.95 1.71 0.75 1.71 0.75
3600 4.0 7.62 6.48 5.29 4.00 2.80 1.01 1.81 0.84 1.05 1.71 0.83 1.71 0.83
3600 4.5 7.51 6.38 5.14 3.90 2.75 1.11 1.81 0.92 1.14 1.71 0.90 1.71 0.90
3600 5.0 7.49 6.34 5.06 3.84 2.73 1.16 1.81 0.96 1.19 1.71 0.94 1.71 0.94
3600 5.5 7.56 6.35 5.02 3.80 2.71 1.18 1.81 0.99 1.21 1.71 0.96 1.71 0.96
3700 3.0 7.67 6.32 5.07 3.85 2.75 0.83 1.75 0.67 0.87 1.65 0.67 1.65 0.67
3700 3.5 7.56 6.28 5.08 3.85 2.73 0.83 1.73 0.69 0.87 1.64 0.68 1.64 0.68
3700 4.0 7.42 6.21 4.98 3.78 2.68 0.90 1.73 0.75 0.94 1.63 0.74 1.63 0.74
3700 4.5 7.28 6.12 4.84 3.67 2.63 1.01 1.73 0.83 1.05 1.63 0.82 1.63 0.82
3700 5.0 7.22 6.07 4.77 3.62 2.60 1.07 1.72 0.88 1.10 1.63 0.86 1.63 0.86
3700 5.5 7.24 6.07 4.74 3.59 2.59 1.10 1.72 0.91 1.13 1.63 0.89 1.63 0.89
3800 3.0 7.42 5.99 4.68 3.57 2.62 0.77 1.67 0.62 0.81 1.57 0.62 1.57 0.62
3800 3.5 7.31 5.97 4.71 3.59 2.60 0.77 1.66 0.63 0.81 1.56 0.63 1.56 0.63
3800 4.0 7.20 5.94 4.68 3.56 2.57 0.81 1.65 0.67 0.85 1.55 0.66 1.55 0.66
3800 4.5 7.06 5.87 4.58 3.47 2.52 0.91 1.65 0.75 0.95 1.55 0.73 1.55 0.73
3800 5.0 6.96 5.82 4.51 3.42 2.49 0.98 1.64 0.80 1.02 1.55 0.79 1.55 0.79
3800 5.5 6.95 5.81 4.48 3.39 2.47 1.02 1.64 0.84 1.05 1.55 0.82 1.55 0.82
3900 3.0 7.15 5.69 4.36 3.33 2.49 0.72 1.59 0.57 0.76 1.49 0.57 1.49 0.57
3900 3.5 7.05 5.68 4.39 3.34 2.48 0.72 1.58 0.58 0.76 1.48 0.58 1.48 0.58
3900 4.0 6.97 5.67 4.40 3.34 2.46 0.73 1.57 0.60 0.77 1.48 0.59 1.48 0.59
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Table C3 – continued
Teff log(g) U B V R I 2MASS H 2MASS J 2MASS Ks H J K Y Z
3900 4.5 6.84 5.63 4.34 3.28 2.41 0.81 1.57 0.66 0.85 1.47 0.65 1.47 0.65
3900 5.0 6.72 5.58 4.27 3.23 2.37 0.90 1.56 0.73 0.93 1.47 0.71 1.47 0.71
3900 5.5 6.68 5.56 4.25 3.20 2.35 0.94 1.56 0.77 0.97 1.47 0.75 1.47 0.75
4000 3.0 6.86 5.41 4.08 3.11 2.37 0.67 1.51 0.53 0.71 1.41 0.54 1.41 0.54
4000 3.5 6.77 5.40 4.11 3.12 2.36 0.67 1.50 0.54 0.71 1.40 0.54 1.40 0.54
4000 4.0 6.71 5.40 4.13 3.14 2.34 0.67 1.49 0.54 0.71 1.40 0.54 1.40 0.54
4000 4.5 6.62 5.39 4.11 3.11 2.31 0.72 1.49 0.59 0.76 1.39 0.58 1.39 0.58
4000 5.0 6.49 5.35 4.06 3.06 2.27 0.81 1.48 0.65 0.84 1.39 0.64 1.39 0.64
Table C4. Complete set of DRIFT-PHOENIX synthetic fluxes for models of solar metallicity. The values in the filter columns correspond to
−2.5 log(FR1/FR1,Vega), where R1 is the corresponding filter. Column 3–7 refer to the Johnson and columns 11–15 to the UKIDSS filters.
Teff log(g) U B V R I 2MASS H 2MASS J 2MASS Ks H J K Y Z
2500 3.0 10.97 11.16 10.97 7.85 5.10 2.43 2.93 2.10 2.49 2.79 2.06 2.79 2.06
2500 3.5 11.41 11.35 10.85 7.76 5.08 2.40 2.93 2.08 2.47 2.79 2.04 2.79 2.04
2500 4.0 12.11 11.68 10.76 7.68 5.07 2.37 2.93 2.07 2.43 2.80 2.03 2.80 2.03
2500 4.5 12.98 12.05 10.64 7.59 5.05 2.33 2.94 2.06 2.40 2.80 2.02 2.80 2.02
2500 5.0 13.95 12.40 10.53 7.51 5.03 2.30 2.93 2.08 2.36 2.80 2.05 2.80 2.05
2500 5.5 14.88 12.58 10.41 7.44 4.99 2.28 2.94 2.13 2.34 2.80 2.11 2.80 2.11
2600 3.0 10.47 10.61 10.42 7.43 4.82 2.27 2.77 1.98 2.33 2.63 1.94 2.63 1.94
2600 3.5 10.81 10.73 10.24 7.31 4.78 2.26 2.79 1.96 2.32 2.65 1.92 2.65 1.92
2600 4.0 11.39 10.99 10.15 7.24 4.77 2.23 2.79 1.95 2.29 2.66 1.91 2.66 1.91
2600 4.5 12.18 11.33 10.09 7.17 4.76 2.20 2.79 1.94 2.26 2.66 1.90 2.66 1.90
2600 5.0 13.11 11.71 10.04 7.12 4.74 2.16 2.79 1.94 2.22 2.65 1.91 2.65 1.91
2600 5.5 14.03 11.96 9.97 7.07 4.71 2.14 2.79 1.98 2.20 2.66 1.95 2.66 1.95
2700 3.0 10.06 10.13 9.86 7.03 4.56 2.10 2.63 1.85 2.17 2.50 1.81 2.50 1.81
2700 3.5 10.29 10.16 9.63 6.88 4.50 2.12 2.65 1.85 2.18 2.52 1.81 2.52 1.81
2700 4.0 10.74 10.34 9.52 6.80 4.48 2.10 2.66 1.83 2.16 2.53 1.79 2.53 1.79
2700 4.5 11.41 10.62 9.46 6.75 4.47 2.07 2.66 1.82 2.13 2.54 1.78 2.54 1.78
2700 5.0 12.22 10.93 9.42 6.70 4.45 2.04 2.66 1.82 2.10 2.54 1.78 2.54 1.78
2700 5.5 13.14 11.27 9.45 6.69 4.44 2.02 2.66 1.84 2.07 2.54 1.81 2.54 1.81
2800 3.0 9.73 9.70 9.30 6.66 4.33 1.94 2.51 1.72 2.00 2.38 1.68 2.38 1.68
2800 3.5 9.85 9.63 9.02 6.48 4.24 1.98 2.52 1.73 2.03 2.40 1.69 2.40 1.69
2800 4.0 10.17 9.73 8.87 6.39 4.21 1.98 2.54 1.72 2.03 2.42 1.68 2.42 1.68
2800 4.5 10.72 9.94 8.83 6.35 4.20 1.96 2.54 1.71 2.01 2.42 1.68 2.42 1.68
2800 5.0 11.43 10.21 8.80 6.31 4.19 1.93 2.54 1.70 1.98 2.42 1.67 2.42 1.67
2800 5.5 12.28 10.55 8.85 6.30 4.18 1.90 2.54 1.72 1.95 2.42 1.69 2.42 1.69
2900 3.0 9.47 9.30 8.74 6.30 4.11 1.78 2.41 1.59 1.84 2.28 1.55 2.28 1.55
2900 3.5 9.48 9.18 8.50 6.14 4.02 1.83 2.41 1.61 1.89 2.29 1.57 2.29 1.57
2900 4.0 9.70 9.20 8.31 6.03 3.97 1.85 2.42 1.61 1.90 2.30 1.58 2.30 1.58
2900 4.5 10.11 9.31 8.18 5.95 3.95 1.85 2.43 1.61 1.90 2.32 1.57 2.32 1.57
2900 5.0 10.71 9.53 8.17 5.92 3.94 1.82 2.43 1.60 1.87 2.32 1.57 2.32 1.57
2900 5.5 11.49 9.83 8.21 5.91 3.94 1.80 2.43 1.60 1.84 2.32 1.57 2.32 1.57
3000 3.0 9.25 8.92 8.19 5.95 3.91 1.63 2.32 1.45 1.69 2.20 1.42 2.20 1.42
3000 3.5 9.16 8.77 7.99 5.81 3.81 1.69 2.30 1.49 1.74 2.18 1.45 2.18 1.45
3000 4.0 9.29 8.70 7.74 5.67 3.75 1.73 2.31 1.50 1.77 2.20 1.47 2.20 1.47
3000 4.5 9.60 8.78 7.64 5.61 3.73 1.73 2.32 1.50 1.78 2.21 1.47 2.21 1.47
3000 5.0 10.05 8.90 7.56 5.55 3.71 1.72 2.33 1.50 1.77 2.22 1.47 2.22 1.47
3000 5.5 10.74 9.16 7.61 5.55 3.71 1.70 2.33 1.50 1.74 2.22 1.47 2.22 1.47
Table C5. Complete set of ATLAS synthetic fluxes for models of solar metallicity. The values in the filter columns correspond to
−2.5 log(FR1/FR1,Vega), where R1 is the corresponding filter. Column 3–7 refer to the Johnson and columns 11–15 to the UKIDSS filters.
Teff log(g) U B V R I 2MASS H 2MASS J 2MASS Ks H J K Y Z
3500 3.0 7.99 6.85 5.70 4.34 2.98 1.00 1.85 0.90 1.17 1.74 0.87 1.74 0.87
3500 3.5 7.76 6.70 5.58 4.25 2.92 1.06 1.83 0.97 1.24 1.72 0.94 1.72 0.94
3500 4.0 7.57 6.56 5.43 4.13 2.85 1.16 1.82 1.06 1.34 1.71 1.02 1.71 1.02
3500 4.5 7.45 6.45 5.28 4.01 2.80 1.25 1.82 1.13 1.43 1.71 1.08 1.71 1.08
3500 5.0 7.46 6.42 5.18 3.92 2.77 1.31 1.84 1.18 1.49 1.73 1.13 1.73 1.13
4000 3.0 6.77 5.38 4.08 3.12 2.37 0.65 1.50 0.54 0.76 1.40 0.55 1.40 0.55
4000 3.5 6.66 5.35 4.09 3.12 2.36 0.66 1.49 0.55 0.77 1.39 0.55 1.39 0.55
4000 4.0 6.58 5.33 4.10 3.11 2.34 0.67 1.48 0.57 0.79 1.38 0.57 1.38 0.57
4000 4.5 6.49 5.31 4.08 3.08 2.30 0.73 1.47 0.62 0.85 1.37 0.62 1.37 0.62
4000 5.0 6.38 5.28 4.04 3.03 2.26 0.80 1.47 0.68 0.92 1.36 0.67 1.36 0.67
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Table C6. List of stars and associated broad-band photometric mag-
nitudes used for comparison with synthetic colours of models. Data
taken from Koen et al. (2010), tables 2 and 4
HIP J K V−R Spec. type
439 5.344 4.535 0.973 M1.5
523 8.517 7.616 1.068 M2.5
1276 8.026 7.113 1.04 M2.5
1463 7.672 6.771 0.995 M1.5
1532 7.404 6.579 0.836 M0V
1720 8.395 7.479 1.104 M3.0
1734 7.749 6.815 1.009 M1.5
1842 8.348 7.425 1.045 M2.5
4569 7.832 6.926 1.138 M3V
4845 7.456 6.585 0.862 M0V
4927 7.7 6.796 1.072 M2
5215 8.096 7.142 0.988 M2
5410 8.532 7.607 1.084 M3
5496 6.067 5.16 1.094 M2.5V
5643 7.37 6.438 1.378 M4.5
6005 7.899 6.964 1.02 M2.5V
6008 7.84 6.918 0.942 M1
6069 7.916 7.04 0.88 M0.5
6097 8.427 7.513 1.008 M2
6351 7.435 6.578 0.877 M0V
6365 8.224 7.322 0.977 M1.0
7170 8.015 7.121 0.976 M1.5V
7646 8.264 7.322 1.019 M2.5V
8051 7.429 6.543 1.036 M2
8382 8.6 7.673 1.061 M2.5
8691 8.445 7.627 1.005 M2
9724 6.62 5.707 1.048 M2.5
9749 8.073 7.174 0.899 M1+V
9786 8.429 7.55 1.12 M2.5+V
10279 6.921 6.089 0.95 M1.5
10395 7.02 6.112 1.001 M2Vk
10617 8.036 7.132 1.142 M3V
10812 7.975 7.052 1.068 M2.5+V
11439 7.831 6.929 0.959 M2V
12097 7.285 6.377 1.017 M2
12261 8.437 7.526 1.173 M3V
12749 8.754 7.939 0.967 M1.5
12781 6.852 5.972 1.073 M3
12961 7.632 6.765 0.877 M0
13218 7.427 6.536 1.003 M1.5
13389 7.763 6.862 1.064 M2.5
14165 8.284 7.327 1.046 M2.5V
14555 7.297 6.391 0.926 M0V
14731 8.408 7.485 1.025 M2
15332 8.557 7.703 0.996 M2.5V
15360 8.032 7.127 0.944 M1V
15439 8.293 7.424 1.062 M2+V
15844 7.203 6.276 0.984 M1
15973 8.337 7.518 0.929 M0.5V
16445 8.804 7.919 1.053 M2
16536 7.88 6.993 1.079 M2.5V
17743 8.005 7.12 0.958 M0.5
18115 8.193 7.287 1.005 M2V
19394 8.024 7.148 1.077 M3.5
19948 7.585 6.681 1.003 M1.5+V
21086 8.016 7.053 1.047 M2.5V
21556 7.021 6.122 1.004 M1.5
21932 6.563 5.635 1.02 M2
22627 7.923 6.955 1.164 M3.5
23512 7.885 6.98 1.141 M3.5
24472 8.423 7.547 0.972 M0.5
25578 8.413 7.568 1.157 M3.5
26081 7.831 6.872 1.074 M2.5
28035 7.252 6.314 1.04 M2.5V
Table C6 – continued
HIP J K V−R Spec. type
29295 5.062 4.162 0.961 M0.5
30920 6.459 5.492 1.301 M4.5
31126 7.596 6.682 0.938 M0V
31300 7.995 7.061 1.058 M2.5
31862 6.927 6.036 0.926 M0V
31878 7.408 6.55 0.798 M1V
33499 6.948 6.077 1.129 M3.0
34104 7.389 6.425 1.116 M3.5
34361 7.709 6.815 0.989 M2V
35943 7.729 6.861 0.871 M0V
36208 5.747 4.883 1.173 M3.5
36349 6.681 5.753 0.974 M1V
37217 7.959 7.067 1.096 M3
39987 8.058 7.152 1.071 M3.0
40239 6.719 5.849 0.874 M0V
40501 6.708 5.808 1.02 M2
41802 8.115 7.212 0.935 M2V
42762 8.169 7.263 1.066 M2.5
45908 6.495 5.589 0.948 M0.0
46655 7.759 6.851 1.127 M3.5
47103 7.39 6.51 1.048 M2.5V
47425 6.964 6.07 1.077 M2.0
47513 7.041 6.135 0.999 M1.5
47619 8.384 7.5 1.051 M2.5V
48336 7.038 6.167 0.938 M0.5
48659 8.079 7.155 1.159 M3V
48904 7.221 6.29 1.142 M3.5
49091 7.668 6.719 1.077 M3.0
49376 8.558 7.65 1.025 M2+V
49969 7.103 6.206 1.048 M2.5
49986 5.962 5.029 0.998 M1.5
51317 6.233 5.349 1.019 M2
52190 7.329 6.387 1.098 M2.5V
52296 6.92 6.023 0.948 M0.5
52596 7.906 7.008 1.009 M1.5V
53767 6.412 5.503 1.068 M2.5
55042 7.85 7.111 1.019 M3.5
55625 8.041 7.148 0.965 M0.5
56244 7.474 6.556 1.151 M3.5
56284 8.369 7.433 0.963 M1.5V
56466 8.142 7.277 0.955 M0
56528 6.525 5.637 0.992 M1.5
57459 8.008 7.076 1.061 M3
57959 8.354 7.444 1.046 M2.5
58688 7.598 6.696 0.914 M0V
59406 7.974 7.075 1.09 M3
60475 7.596 6.683 0.909 M0.5V
60559 7.809 6.999 1.029 M2
61495 7.748 6.85 1.003 M1.0
61629 6.955 6.035 1.077 M2.0
61706 7.645 6.691 1.108 M3
61874 8.253 7.383 1.164 M3.0
62452 7.29 6.377 1.16 M3.5
63510 6.556 5.608 0.975 M0.5
65520 7.748 6.856 0.996 M1
65669 8.452 7.561 0.998 M1.5V
65859 5.949 5.053 0.959 M0.5
67164 7.835 6.925 1.147 M3.5
67761 8.519 7.613 0.984 M2V
67960 6.594 5.686 0.92 M0Vk
68469 6.581 5.688 0.962 M1.5V
69285 7.613 6.712 0.977 M2V
69454 7 6.109 0.985 M2V
70308 7.486 6.625 0.891 M1V
70865 7.321 6.406 1.002 M2
70956 6.715 5.825 0.875 M0.5−V
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Table C6 – continued
HIP J K V−R Spec. type
70975 7.888 6.957 1.152 M3.5
71253 6.957 5.985 1.224 M4
72509 8.733 7.907 0.998 M1.5
72511 8.48 7.619 0.97 M1
72944 6.693 5.771 1.034 M2
74190 7.792 6.873 1.068 M3
74995 6.762 5.859 1.106 M3
76074 5.705 4.779 1.046 M2.5
76901 7.983 7.154 1.117 M3
77349 7.637 6.754 1.066 M2.5V
78353 7.275 6.335 0.99 M1
79431 7.608 6.636 1.083 M3V
80018 6.796 5.887 1.091 M2.0
80229 8.537 7.67 0.979 M1.5
80268 7.304 6.415 0.932 M0
80612 7.779 6.866 0.959 M1V
80817 8.487 7.608 1.086 M2.5V/M3V
80824 6.009 5.102 1.158 M3.5
82256 8.114 7.212 0.985 M0.5
82283 7.715 6.806 0.974 M1.5V
82817 5.279 4.406 1.086 M3V
82926 7.386 6.477 1.111 M3V
83405 7.893 6.999 0.94 M0
83599 6.859 6 0.972 M2
84051 6.933 6.045 0.961 M1−V
84123 7.554 6.668 1.107 M3−V
84212 8.688 7.883 0.922 M1V
84277 8.181 7.275 1.098 M3.5
84521 8.015 7.118 1.049 M2
84652 7.663 6.769 0.928 M0
85523 5.758 4.872 1.07 M2+V
85647 6.787 5.88 0.91 M0.0
85665 6.373 5.487 0.945 M0
86057 6.689 5.785 1.026 M1.5V
86214 6.642 5.641 1.217 M3.5
86287 6.468 5.586 0.978 M1
86707 7.542 6.651 0.976 M1
86961 7.048 6.145 0.986 M2V
86963 7.474 6.619 1.098 M2V
87322 7.453 6.561 0.898 M0
88574 6.237 5.358 0.975 M1
91430 7.736 6.829 1.041 M2.5
91608 7.495 6.575 0.975 M1
92451 7.603 6.722 0.969 M3
92573 7.237 6.347 0.93 M0
92871 6.375 5.44 1.104 M3
93101 6.329 5.424 0.931 M0.5
93206 7.608 6.704 1.038 M2.0
93873 7.372 6.522 1.029 M1.5
93899 7.371 6.53 1.032 M2
94349 7.182 6.333 1.127 M3.5
94557 7.664 6.813 1.091 M3.5
94739 6.482 5.583 0.924 M0V
94761 5.591 4.663 1.039 M2.5
96710 7.567 6.674 0.921 M1V
97051 7.66 6.867 0.788 M0
99150 8.275 7.416 1.21 M3.0
99764 7.649 6.78 0.847 M0V
100923 7.773 6.88 1.059 M3
102235 7.645 6.764 0.943 M1.5
102357 7.429 6.545 0.918 M0
103039 7.137 6.212 1.207 M4V
103388 7.856 6.924 1.059 M2.5
103393 7.893 7.067 1.14 M4
103441 8.512 7.659 1.058 M2
Table C6 – continued
HIP J K V−R Spec. type
103800 7.634 6.708 1.052 M3
103910 8.786 7.883 1.17 M4
104059 8.373 7.533 0.962 M1
104137 8.651 7.72 1.038 M2.5
104432 7.74 6.934 0.962 M1
104644 8.55 7.701 1.04 M1
105336 7.793 6.851 0.964 M1.5V
105533 7.358 6.483 0.865 M0
105932 8.079 7.213 0.962 M0.5
106106 6.365 5.462 1.14 M3.5
106255 7.376 6.402 1.275 M4
106440 5.364 4.473 1.007 M1.5
106803 7.551 6.633 0.951 M0.0
107317 8.352 7.434 1.083 M3
107705 6.576 5.663 0.942 M0.5
107711 7.761 6.826 1.1 M2.5
107772 8.007 7.144 0.863 M0
108159 8.468 7.584 1.045 M2.5
108380 7.801 6.869 0.975 M1.5
108405 6.827 5.91 1.071 M2.5
108569 6.694 5.795 0.953 M0.5
108752 7.136 6.208 1.043 M2
108782 6.257 5.355 0.933 M0
108890 8.728 7.86 1.02 M1.5
109084 7.281 6.413 0.906 M0
109388 6.57 5.616 1.087 M3.5
109555 6.793 5.845 1.028 M2
110400 8.554 7.645 1.043 M1.0
110534 7.681 6.776 0.96 M1−V
110951 7.891 6.999 0.919 M1V
110980 7.674 6.796 0.922 M1V
111313 7.265 6.371 0.974 M1
111391 7.808 6.905 1.03 M2+V
111766 7.358 6.445 1.179 M3.5V
111932 8.758 7.919 0.929 M0V
112120 8.139 7.201 1.05 M2.5
112312 7.886 6.943 1.188 M3
112388 8.982 8.097 0.953 M1V
112774 7.021 6.146 0.914 M0.5−V
113020 5.993 5.044 1.182 M4
113201 8.42 7.401 0.981 M0.5
113229 6.722 5.829 1.065 M3−V
113244 8.199 7.289 0.945 M1
113602 8.343 7.445 0.993 M1
113850 7.742 6.851 0.932 M0.0
114233 7.924 7.07 0.947 M0
114252 7.997 7.113 0.908 M0
114411 7.939 7.032 1.017 M2V
114719 7.444 6.497 0.95 M0.5V
114954 8.141 7.278 0.887 M0V
115332 7.469 6.542 1.196 M4
116003 7.292 6.37 1.102 M3
116317 7.7 6.861 1.019 M2.5
116645 8.441 7.488 1.044 M2.0
117473 5.887 5.068 0.95 M1
117966 7.681 6.743 1.031 M2.5V
118200 7.964 7.064 1.085 M3
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